After intravenous loads in pregnant women, L-methionine, L-leucine, and L-ornithine were transferred from maternal to fetal plasma against a two-to threefold difference in initial concentration. Cyst(e)ine is unique among the free amino acids of plasma in that its basal concentration in maternal plasma was equal to or greater than that in fetal plasma. Furthermore, after intravenous loads with L-cystine or L-cysteine, total cyst(e)ine (cystine and cysteine) was transferred less readily to the fetal plasma. Although the concentrations of cystine in the fetal plasma continued to rise in the face of rapidly falling concentrations of cystine in the maternal plasma, at no time during the experiment did the concentration of cystine in fetal plasma exceed that in the maternal plasma. When D-cystine was administered intravenously to a mother, in amounts equimolar with L-cystine, the transfer of D-cystine was not measurable.
Introduction
fetal liver and brain [6, 16] , although there is considerable activity in human fetal kidney [7] . Human fetal Cystathionase [23] , the last enzyme on the pathway of liver does not contain enzymatically inactive precursor transsulfuration of methionine to cysteine, cleaves cysprotein, immunologically related to mature human hetathionine with production of cysteine and a-ketobutyrpatic cystathionase, which suggests that human fetal ate (Fig. 1) . In previous studies, we have shown that liver does not synthesize more than trace amounts of cystathionase activity is virtually absent from human the intact enzyme [12] . The results from limited num- bers of liver samples obtained from premature and full term infants, who died shortly after birth, suggested that this activity is initiated some time after birth [6, 16] and after the methyltransferases related to the metabolism of homocysteine [7] . This confers a special importance on cysteine in the fetus for, at least in liver and in brain, it cannot be synthesized from methionine. We suggested that cyst(e)ine may be an essential amino acid for liver and for brain in the developing human until sometime after birth [6, 16] . Therefore, we have examined the difference in concentration of methionine and of cyst(e)ine in human fetal and maternal plasma, as well as their transfer into fetal plasma after intravenous infusion into the mother. To our surprise, we found that the concentration of cyst(e)ine in fetal plasma, in contrast to all other free amino acids in plasma, was equal to or lower than the concentration of cyst(e)ine in maternal plasma. We suggest that the transfer of cyst(e)ine from mother to fetus is controlled by a mechanism for placental transfer which is different from the other plasma amino acids.
Materials and Methods
The pregnant women participating in these experiments were healthy and underwent abortion by hysterotomy from the 16th-22nd week of gestation for social or psychological reasons [25] . Preoperative medications included: pethidine, 50-75 mg; Phenergan, 35 mg; and atropine, 0.5-0.8 mg, intramuscularly. Anesthesia was induced with 250^440 mg Pentothal, intravenously, and was maintained with N 2 O 2 . Scoline was used as muscle relaxant.
After the uterus and amniotic sac were opened, the internal carotid artery of the fetus was cannulated with a nylon catheter [26] , and zero time blood samples were drawn simultaneously from the mother (1-5 ml) and from the fetus (0.5 ml). After this, an amino acid load was administered, intravenously, to the mother in 20 ml of 0.9% NaCl solution over a 30-s interval. Cystine was dissolved in a minimum amount of 1 N NaOH before being made up to volume by saline. Blood samples were taken simultaneously from the mother and from the fetus at 5-min intervals during the next 20-30 min. A total of 20 separate experiments were performed, with at least 2 for each amino acid. Monitoring of the fetal heart beat and previous experience with measurement of placental circulation by one of us (N. C. R. R.) [14] assured us that the placental circulation was intact during the course of the experiments. Additional samples of blood from the mother were taken at 30, 45, and 60 min, although the fetus and placenta were removed at 20 min in most experiments, but no later than 30 min in any experiment.
In some experiments, small aliquots of blood were taken for measurement of hematocrit and pH; the remainder was prepared for amino acid analysis [15] and stored at -20° until analyzed. In no case was a specimen stored for more than 2 months, and, in every case, the fetal and maternal blood samples were prepared and analyzed in parallel on an amino acid analyzer fitted with tandem columns operating simultaneously. All the samples from a specific experiment were analyzed on the same machine utilizing the same batch of ninhydrin and eluting buffers. Peak integration and further calculations of amino acid concentrations were performed by on-line computer [27] . Total cyst(e)ine was determined by the method of Brigham et al. [1] . Amino acid analysis of tissues was performed as described previously [15] .
Results
A striking new finding in our study was that the concentration of cyst(e)ine in fetal plasma was equal to or lower than the concentration of cyst(e)ine in maternal plasma, whereas, for all other free amino acids, the fetal concentration was higher than the maternal concentration. The general observation of the higher concentration of amino acids in fetal plasma had been made in a number of laboratories [8, 11, 18, 21, 22] . That cysteine was an exception was previously unappreciated. The data of Young [21] in the guinea pig shows this, although she did not remark upon it. We have also recently found this in the pregnant monkey [17] . After intravenous administration to the mother, Lmethionine was transferred from maternal to fetal plasma against a threefold difference in concentration (Fig. 2) . L-Leucine, transported by the same carrier system in most tissues [10] , behaved similarly (Fig. 3) . L-Ornithine, transferred by the dibasic amino acid carrier system [13] , was similar to the neutral amino acids, methionine and leucine. At zero time, the concentration of ornithine in fetal plasma was twice that in maternal plasma (Fig. 4) . Despite this difference, ornithine was readily transferred into the fetal circulation. Although this experiment was not repeated with a smaller dose of ornithine, the concentration of ornithine in the fetal plasma was rising sharply at a time that the maternal concentration was falling, and it exceeded the maternal concentration for the last half of the experiment. This would be unlikely in the case of simple diffusion, and, although a temporary concentration difference might be found with simple diffusion, the maintenance of this difference (zero time concentrations) could not be explained by simple diffusion. Of course, when a compound is injected as a bolus, as it was in these experiments, the concentration in the maternal circulation may well rise above that in the fetal circulation before the first sampling at 5 min. In the pregnant ewe, the transfer characteristics of ornithine appear different from that of leucine [21] , a possible species difference.
The findings after intravenous administration of Lcystine and of L-cysteine were quite different from those of L-methionine, of L-leucine, and of L-ornithine. First, the concentration of cystine in maternal plasma was equal to or greater than that in fetal plasma. This was the only free amino acid measurable in plasma for which this was true. Second, at no time after intravenous administration of L-cystine (Fig. 5, a and b) did the concentration of cystine in the fetal plasma exceed that in the maternal plasma. However, the concentration of cystine in the fetal plasma continued to rise in the face of rapidly falling concentrations of cystine in the maternal plasma. In another experiment with L-cystine, total cyst-(e)ine was measured in order to determine whether failure to measure the sulfhydryl form (cysteine) had given misleading results (Fig. 6) . The concentration of cysteine in the fetal plasma at zero time was higher in this particular experiment than the concentration of cysteine in the maternal plasma. However, the concentration of cystine was again greater in the maternal plasma, and the concentration of total cyst(e)ine was exactly the same in the two circulations. After this load of L-cystine, the change in concentration of cystine was essentially the same as in the previous experiment with L-cystine.
L-Cysteine-HCl, in amounts of sulfur equimolar with the loads of L-cystine, was also administered. In this experiment, the concentrations of both cystine and cysteine in maternal plasma were equal to those in fetal plasma at zero time (Fig. 7) . By the time of the first sample (5 min), the concentrations of cystine and cysteine in maternal blood were equimolar. This may have been because the amino acid solution was prepared in advance in order to be sterilized, and it is likely that equilibrium between cystine and cysteine had been reached before administration. More important, the transfer of cystine and cysteine to the fetal circulation after administration of L-cysteine • HC1 was similar to the experiments with L-cystine and different from those with methionine, leucine, and ornithine.
An experiment with D-cystine was performed to obtain further evidence that the transfer of cystine was not by simple diffusion. When D-cystine was administered to a mother, in amounts equimolar with L-cystine, the transfer of D-cystine was far slower; indeed there was no change in the concentration of cystine in fetal plasma during the experiment (Fig. 8) . In this experiment, D-cystine was measured by the change in cystine, as the amino acid analyzer is unable to separate stereoisomers. The base-line value for L-cystine has not been subtracted and inspection of the zero time concentration of cystine (i.e., no superimposed D-cystine) shows another instance in which there was a higher concentration of cystine in maternal plasma than in fetal plasma.
A similar experiment was attempted using D-methionine and measuring its appearance in the fetal plasma° by measurement of the increase in methionine. As is the case with cystine, the amino acid analyzer cannot separate the stereoisomers. To our surprise, we found that the transfer of D-methionine, measured in this way, was apparently as rapid as that of L-methionine. If what we measured in the chromatographic position of methionine was really D-methionine, it would mean that D-methionine is transferred from mother to fetus as readily as L-methionine. This would suggest that methionine is transferred across the placenta by simple diffusion, which is inconsistent with its uniformly higher fetal concentration. An alternative explanation is that D-methionine was rapidly converted to its L isomer. We believe this to be the likely explanation, since it is known that animal tissues have the ability to isomerize D-methionine, via its D-amino acid oxidase, more readily than most D-amino acids [10] . This ability is low for D-cystine [10] .
Discussion
Our data for L-methionine, L-leucine, and L-ornithine, taken together with considerable other data from a number of laboratories [3, 4, 8, 9, 11, 17, 21, 22] , is compatible with the hypothesis that, in general, amino acids are transferred from mother to fetus by a process of active transport, i.e., carrier-mediated, saturable, energy-dependent, stereospecific, and operating against a chemical gradient.
In striking contrast is our data for cyst(e)ine, which is unique among the free amino acids of the plasma in not having a higher concentration in fetal plasma than in maternal plasma. Indeed, in some instances we have observed, the concentration of cystine is higher in maternal plasma than in fetal plasma (Figs. 5, 6, and 8) . However, this may be a difference in the ratio of cystine/cysteine, which is usually 2/1 or 3/1 in the adult [1] , but which might well be reversed in the higher reducing milieu of the fetus. Our experiments in which we measured the concentration of both cystine and cysteine in fetal and in maternal plasma (Figs. 6 and 7) suggest that this might be the case, i.e., that the concentration of total cyst(e)ine is equal in both circulations. This point requires further study. In any case, the transfer of cyst(e)ine across the placenta from mother to fetus is under a separate and special transfer mechanism in that a fetal/maternal concentration ratio greater than 1 is not maintained, and it is transferred less readily than other L-amino acids. In addition, the slower rate of transfer of D-cystine and the fact that the concentration of L-cystine after an L-cystine load is still rising in the fetal plasma at a time when the concentration in the maternal plasma is falling further suggests that the transfer process is not one of simple diffusion. The transfer of cyst(e)ine is thus a carrier-mediated transfer, but one in which a fetal/maternal concentration ratio greater than 1 is not maintained.
It is conceivable that this failure to maintain a higher concentration in fetal plasma in the case of cyst(e)ine is because of a rapid uptake of cyst(e)ine by the placenta or by the fetal tissues. In the present experiments, amino acid analysis of fetal organs taken 20-30 min after infusion of cyst(e)ine into the mother failed to demonstrate a significant accumulation of cyst(e)ine. In previous experiments, the in vitro uptake of 33 S-cysteine by human fetal tissues was less than the uptake of 33 S-methionine [6] . Furthermore, in the pregnant rhesus monkey, in which the transfer of methionine and cystine across the placenta resembles that of the human, the in vivo uptake of 33 S-cystine by placenta and fetal organs after injection into the maternal circulation was meager compared with the uptake of 35 S-methionine similarly injected [17] . When 35 S-cystine was injected into the fetal circulation, there was a considerable uptake by fetal tissues [17] , which demonstrates that there is little difficulty in the transfer of cystine between the fetal blood and the various tissues of the fetus. Furthermore, whereas 35 S-methionine injected into the pregnant monkey showed rapid isotopic equilibrium (15-20 min) between mother and fetus, the specific radioactivity of 35 S-cystine similarly injected had not reached equilibrium between maternal and fetal circulation after 1 hr.
Taken together, the evidence suggests that cyst(e)ine is transferred less readily than other amino acids from mother to fetus. Furthermore, the absence of a higher concentration of cyst(e)ine in fetal plasma is not because it is transferred by simple diffusion, but is, rather, a unique ability of the placenta to control the movement of cyst(e)ine from mother to fetus by a process of mediated transfer.
Summary
Cyst(e)ine is transferred across the human placenta by a process which is carrier mediated. In contrast to the other free amino acids, however, the placenta does not maintain a difference in plasma concentration of cyst(e)ine which is greater in the fetus than the mother.
